Dysregulation of the "intrinsic" apoptotic pathway is associated with the development of cancer and autoimmune disease. Bak and Bax are two proapoptotic members of the Bcl-2 protein family with overlapping, essential roles in the intrinsic apoptotic pathway. Their activity is critical for the control of cell survival during lymphocyte development and homeostasis, best demonstrated by defects in thymic T-cell differentiation and peripheral lymphoid homeostasis caused by their combined loss. Because most bak −/− bax −/− mice die perinatally, the roles of Bax and Bak in immunological tolerance and prevention of autoimmune disease remain unclear. We show that mice reconstituted with a Bak/Bax doubly deficient hematopoietic compartment develop a fatal systemic lupus erythematosus-like autoimmune disease characterized by hypergammaglobulinemia, autoantibodies, lymphadenopathy, glomerulonephritis, and vasculitis. Importantly, these mice also develop a multiorgan autoimmune disease with autoantibodies against most solid glandular structures and evidence of glandular atrophy and necrotizing vasculitis. Interestingly, similar albeit less severe pathology was observed in mice containing a hematopoietic compartment deficient for only Bak, a phenotype reminiscent of the disease seen in patients with point mutations in BAK. These studies demonstrate a critical role for Bak and an ancillary role for Bax in safeguarding immunological tolerance and prevention of autoimmune disease. This suggests that direct activators of the intrinsic apoptotic pathway, such as BH3 mimetics, may be useful for treatment of diverse autoimmune diseases.
apoptosis | Bcl-2 family S everal mechanisms account for the establishment of immunological tolerance and prevention of autoimmunity. They include removal of autoreactive B and T lymphocytes by apoptotic cell death (deletion), the dampening of immunoreceptor signaling in potentially dangerous lymphocytes (anergy), and the immunoregulatory actions of regulatory T cells (1) . Apoptosis regulates immune cell homeostasis at almost every stage of development. Most importantly for tolerance, T and B cells expressing antigen receptors that recognize self-antigens with high avidity are eliminated by apoptosis (2) . Moreover, during contraction of immune responses, after the successful elimination of a pathogen, many activated T and B lymphocytes die to make space for subsequent immune responses and to limit collateral damage to healthy tissues (3) . Defects in apoptosis at any of these developmental checkpoints may allow the escape of potentially dangerous cells, engendering the risk that they cause lympho-proliferative and/or autoimmune diseases.
In mammals, apoptosis proceeds through two distinct but ultimately converging pathways (4): the "extrinsic" pathway, activated by "death receptors" on the cell surface (5) , and the "intrinsic" pathway that is initiated by developmental cues or a broad range of stress stimuli, such as cytokine deprivation (6) .
The intrinsic apoptotic pathway is regulated by the Bcl-2 family of proteins, which can be divided into three subgroups according to their structure and function (6) . The prosurvival members (Bcl-2, Bcl-x L , Mcl-1, A1/Bfl-1, and Bcl-w) are essential for cell survival. The proapoptotic BH3-only proteins (Bim, Bid, Puma, Bad, Bmf, Hrk, Bik, and Noxa) are activated transcriptionally, posttranscriptionally, and/or posttranslationally by a broad range of cytotoxic stimuli and are required for initiation of apoptosis signaling. The third subgroup, the so-called multi-BH domain proapoptotic proteins, including Bak and Bax [plus possibly Bok (7)], are essential for the mitochondrial outer membrane permeabilization that is necessary to unleash caspase-mediated cell demolition (8) . Bak and Bax are thought to be activated either directly through binding of certain BH3-only proteins (e.g., Bim, tBid) (8) or indirectly when they are released from their restraint by the prosurvival Bcl-2 proteins when the latter are neutralized by the BH3-only proteins (9) .
Mice lacking Bak appear largely normal (10), and those deficient for Bax show only relatively mild abnormalities, including minor splenomegaly and male infertility (11) . Remarkably, combined loss of Bak and Bax causes severe developmental abnormalities and renders a range of cell types (including lymphoid ones) profoundly resistant to diverse apoptotic stimuli and even enforced expression of BH3-only proteins (10, (12) (13) (14) . Investigations into the long-term consequences of Bak/Bax compound deficiency have been severely limited by the high incidence of perinatal lethality (thought to be due to neuronal abnormalities) of bak −/− bax −/− mice (10) . Experiments using lethally irradiated WT mice in which the hematopoietic system had been reconstituted with bone marrow cells from bak −/− bax −/− embryos showed gross defects in intrathymic T-cell development and peripheral T-cell homeostasis (12) . Notably, deletion of self-superantigen specific TCRVβ5 +
CD4
+ T cells was substantially reduced in these animals. Moreover, inducible deletion of loxP flanked bax genes on a bak −/− background using the inflammatory compound poly I:C to activate the Mx1-Cre transgene resulted in profound defects in T-cell apoptosis and, ultimately, glomerulonephritis (GN), but no organ-specific autoimmune manifestations were described (15) . Although these studies were informative, no longterm analysis of health was performed. Here we report that the combined loss of Bak and Bax in hematopoietic cells caused progressive lymphadenopathy, hypergammaglobulinemia, and accumulation of antinuclear autoantibodies, precipitating a fatal systemic erythematosus (SLE)-like autoimmune GN. Importantly, these mice also developed autoantibodies against a broad range of organs and in many cases severe autoimmune destruction of the blood vessels (necrotizing vasculitis) in the spleen, submandibular gland, and pancreas. Surprisingly, these systemic and organ-specific autoimmune manifestations were also observed in mice with a bak −/− hematopoietic system (albeit, at a lower severity compared with the bak −/− bax −/− chimeras) but were never observed in Bax-deficient mice. Our mouse studies, together with data from clinical observations (16) (Fig. 1A) .
Interestingly, Ly5.1 mice reconstituted with bak −/− FLC also had a reduced lifespan compared with control mice (bak −/− ; 50% dead/sick at 240 d, compared with controls, which all remained healthy at a similar age). Bak was shown to interact with the prosurvival Bcl-2 family member Mcl-1 (18); loss of Bak may therefore lead to alterations in the levels of Mcl-1. Mcl-1 levels were, however, comparable in the spleen and thymus of bak −/− bax −/− and control reconstituted mice (Fig. S1 ). Mice reconstituted with bax −/− E13.5 FLC (n = 18) had a lifespan indistinguishable from that of control animals (P = 0.6015; Fig.  1A ). These results show that in hematopoietic tissues Bak plays a major and Bax an ancillary role in allowing a normal mouse lifespan. ) FLC also showed evidence of GN ( Fig. 1 B and C) .
In mice with a bak
hematopoietic system, immunofluorescent staining revealed the deposition of IgM, IgA, and IgG antibodies in the renal glomeruli (particularly at the capillary loops), which may be indicative of severe renal disease ( (Fig. S2 ). In contrast, such pathological changes were not observed in mice reconstituted with WT or bax −/− FLC. We also noted the development of GN in four rare bak
mice from our colony that survived to adulthood. These animals had to be killed owing to malocclusion, vaginal prolapse, or overt GN (hematuria) (at postnatal days 126, 126, 133, or 160, respectively). Consistent with a previous study (10) , these mice displayed persistent interdigital webbing, a hallmark of defective apoptosis. In these sick bak −/− bax −/− animals we found evidence of autoimmune GN on histological analysis [GN; grade +2 (n = 2) and +3 (n = 2); scale 0-4; Fig. S3A ], akin to the bak −/− bax −/− reconstituted mice. Moreover, immunofluorescence analysis showed evidence of IgG, IgM, and IgA deposition on the renal glomerular capillary loops. In contrast, no significant immune complex deposition was observed in kidneys from agematched WT mice (Fig. S3B) . Fig. 1 D and E) . Such abnormalities were not observed in similarly aged mice transplanted with FLC from WT mice or mice singly deficient for either Bak or Bax (Fig. 1 D and E) . Flow cytometric analysis of spleens and lymph nodes from mice reconstituted with bak
, or WT FLC revealed similar frequencies of all major lymphocyte subsets ( Fig. S4 A and B) , indicating that combined loss of Bak and Bax caused an expansion of all these cell types, because their overall spleen and lymph node cellularity were abnormally elevated. Analysis of peripheral blood demonstrated significant (P < 0.05) lymphocytosis in the bak
reconstituted animals, whereas platelet counts were lower compared with both WT (17) and bax −/− reconstituted mice (P < 0.05 or P < 0.005, respectively) ( Fig. S4 C and D) .
We next investigated the effecter mechanisms that cause SLE. Significant elevations in all serum Ig isotypes tested were observed in mice reconstituted with bak −/− bax −/− FLC compared with control animals (Fig. 2 A-E ). Mice reconstituted with vav-BCL-2 transgenic FLC that became sick also developed severe hypergammaglobulinemia, with levels of IgM, IgA, IgG1, IgG2a, and IgG2b even higher than those seen in bak (Fig. 1A) , which would allow more time for accumulation of immunoglobulins.
Polyclonal hypergammaglobinemia is a characteristic of chronic inflammatory conditions, such as SLE (19) . Accordingly, significant levels of antinuclear antibodies (ANA) were detected in sera from sick bak (Fig. 2 F and G) . Notably, sera from sick bak −/− bax −/− or vav-BCL-2 reconstituted mice showed characteristic patterns of ANA staining on HEp2 epithelial cells (peripheral, homogenous, and nucleolar), whereas sera from sick bak −/− reconstituted mice produced mainly a peripheral staining pattern (Fig. 2G ). Peripheral and homogenous ANA staining patterns indicate the presence of autoantibodies specific for dsDNA, ssDNA, nuclear DNA, antideoxyribonucleoprotein (DNP), and histones, all of which are associated with SLE.
In accordance with their polyclonal hypergammaglobinemia and elevated ANA levels, mice reconstituted with bak
FLC had an almost threefold increase and those transplanted with bak −/− FLC an ∼1.7-fold increase in the percentages of Ig producing (B220 + CD138 + ) plasma cells in their lymph nodes, compared with WT and bax −/− reconstituted mice (Fig. 2H) . The total numbers of plasma cells in lymph nodes were significantly augmented in both the bak −/− bax −/− (∼10-fold) as well as the bak −/− (∼fourfold) reconstituted mice compared with the WT reconstituted mice (Fig. 2I) . Plasma cell numbers in bax −/− reconstituted mice were mildly elevated compared with WT controls (∼twofold) but significantly lower (P < 0.0005) compared with the bak (Fig. 1 A and B) , we compared cohorts of mice at 8 wk after reconstitution, a time before severe GN is manifest. Mice reconstituted with bak −/− bax −/− or vav-BCL-2 FLC showed similarly elevated serum levels of IgM, IgG1, IgG2a, and IgG2b (Fig. S5A) and ANA ( Fig. S5 B and C) . However, histological analysis revealed that kidneys of both vav-BCL-2 and WT FLC reconstituted mice were normal, whereas those from bak −/− bax −/− reconstituted mice already showed features of GN (Fig. S5 D and E) . Accordingly, significant Ig deposition on the glomerular basement membrane associated with severe disease was observed in mice reconstituted with bak −/− bax −/− FLC but not in the vav-BCL-2 or WT FLC reconstituted animals, where Ig deposition was predominantly associated with mesangial cells (Fig. S5 F and G) . These results suggest that bak −/− bax −/− reconstituted mice die earlier than vav-BCL-2 reconstituted animals because SLE-like autoimmune kidney damage develops more rapidly in the former. scribed in H (n = 3/genotype). Data represent mean ± SEM (*P < 0.05; **P < 0.005; ***P < 0.0005).
Fig. S6). Sick bak
−/− bax −/− and vav-BCL-2 chimeras all exhibited moderate perivascular and periductal lymphocytic infiltrates, most notably in the liver, pancreas, and submandibular glands, that were significantly increased compared with controls ( Fig. S6 A and B) . Occasional focal areas of parenchymal chronic inflammation and epithelial atrophy were also observed, particularly in the pancreas of bak −/− bax −/− , vav-BCL-2, and bak −/− reconstituted mice but were not detected in bax −/− or WT reconstituted animals. Most bak
, vav-BCL-2, and bak −/− reconstituted mice also had multiorgan necrotizing vasculitis that was accompanied with serum antineutrophil cytoplasmic autoantibodies (Fig. S6 C and D) . The vasculitis, chiefly involved the kidney, pancreas, spleen, submandibular glands, and occasionally the lymph nodes or thymus but spared the heart and liver (Table S1 ). Vasculitis involving the pancreas was invariably accompanied by focal or extensive inflammation and acinar cell destruction (Fig. 3 and Fig. S6A ). Complete acinar cell obliteration was only observed in the vav-BCL-2 reconstituted mice, although similar (albeit less severe) pathology was also detected in bak To assess whether the multiorgan lymphocytic infiltration observed in sick bak −/− bax −/− or vav-BCL-2 reconstituted mice was associated with accumulation of autoantibodies to these tissues, we analyzed sera from these animals by immunostaining an array of frozen sections from organs of rag1 −/− mice. We found that sera from sick bak −/− bax −/− and vav-BCL-2 reconstituted mice contained autoantibodies that targeted a plethora of organs (Fig. 4 A-E, summarized in Table S2 ). Indeed, at 8 wk after reconstitution the bak −/− bax −/− reconstituted mice showed a more extensive array of organ-specific autoantibodies compared with the vav-BCL-2 chimeras (Fig. S7 A and B) . Interestingly, this autoantibody-mediated staining was mainly confined to discrete secretory tissues within these organs, such as the parietal cells in the stomach (Fig. 4 A-E) . This profile of multiple organ autoimmune attack resembles that described for the aire −/− mouse model of the human disease autoimmune polyglandular syndrome 1 (APS1) (20) , demonstrating that combined loss of Bak and Bax in hematopoietic cells can cause autoimmune pathology in a broad range of organs. (Fig. S8B) . In contrast, the TCR repertoire in both the thymus and lymph nodes of bak −/− and bax −/− reconstituted mice was comparable to that of WT reconstituted mice.
To examine whether autoimmunity was accompanied by a particular effector T-cell cytokine profile, we measured hallmark Th1, Th2 and Th17 cytokines and chemokines. Sera of sick bak −/− bax −/− , vav-BCL-2, or bak −/− reconstituted mice contained similar levels of the 23 cytokines and chemokines examined as healthy WT and bax −/− reconstituted mice (Fig. S9) . This indicates that a major imbalance in serum cytokines or chemokines is not critical for the autoimmune pathologies caused by combined loss of Bak and Bax, although imbalances in specialized tissue sites cannot be ruled out.
Defects in so-called regulatory lymphocytes (21, 22) (Fig. S8C) . Similarly, there were no marked differences in frequencies of CD4 + CD25 + Foxp3 + T regulatory cells in peripheral lymphoid organs between the mice with hematopoietic systems of the different genotypes (Fig.  S8D) . Finally, we found that there were no differences in the levels of FasL on the surface of freshly isolated (not stimulated in vitro) mature, peripheral CD4 + and CD8 T cells between mice with hematopoietic systems of the different genotypes (Fig. S8E) . Collectively, these results show that abnormalities in selection and homeostasis of T and B lymphoid cells, but not defects in cytokine/chemokine production, FasL expression, or frequencies of regulatory T and B cells, contribute to the systemic and organspecific autoimmune disease pathology seen in the mice with a bak −/− bax −/− or a bak −/− hematopoietic system.
Discussion
Bax and Bak are known to be essential for apoptosis of hematopoietic and many other cell types triggered by diverse developmental cues and stress stimuli (10, 12) . Our results demonstrate that Bak/Bax-mediated apoptosis is critical for immunological tolerance of both systemic as well as organ-specific antigens. Furthermore, our data cement the notion that combined Bak plus Bax deficiency only in hematopoietic cells is sufficient to precipitate fatal autoimmune disease. Interestingly, the long-term observation of bak −/− and bax −/− hematopoietic chimeras revealed that loss of Bak alone, but not loss of Bax, in hematopoietic cells shortens animal lifespan owing to autoimmune pathology. Combined loss of both Bak and Bax causes more severe disease and at a substantially accelerated rate, demonstrating that Bak plays a major and Bax a more ancillary role in hematopoietic cells as guardians against autoimmune disease.
Hypergammaglobulinemia or excessive autoantibody levels have not previously been documented in bak −/− mice (11) or the few bak −/− bax −/− mice that survived into early adulthood, for the latter most likely because they could not be followed for sufficient time owing to premature death for reasons other than autoimmune disease (10) (15) , demonstrating that some defects elicited by combined Bak/ Bax loss are B-cell intrinsic. However, autoantibodies were not reported as a feature of these CD19-Cre;bak −/− bax fl/-animals and were only observed 30 wk after poly I:C/Mxl-Cre-mediated deletion of the loxP flanked bax gene in mice that were constitutively deficient for Bak (Mx1-Cre;bak −/− bax fl/-mice) (15) . These findings, in conjunction with the data presented here, indicate that Bak and Bax must be lost not only in B cells but also in other hematopoietic cell subsets to cause severe, fatal autoimmune disease.
Importantly, we found that many organs come under autoimmune attack in bak −/− bax −/− hematopoietic chimeras. The profile of this pathology somewhat resembles that described for the aire −/− mouse model of the human disease APS1 (20) . The AIRE protein is expressed in thymic medullary epithelial cells and drives the transcription of a range of organ-specific genes to impose tolerance to the corresponding proteins upon developing thymocytes (23) . In aire −/− mice, both the organs targeted and the severity of autoimmunity are affected by genetic background (e.g., relatively mild on a C57BL/6 but severe on the NOD background) (20) . It is therefore remarkable that ∼40% of bak −/− bax −/− hematopoietic system reconstituted mice on a C57BL/6 background showed destruction of the exocrine pancreas, either as focal demolition or because of vasculitis, and that 100% of these animals contained autoantibodies to multiple tissues. These findings demonstrate that the intrinsic pathway of apoptosis within hematopoietic cells is critical to prevent organ-specific autoimmune disease.
Organ-specific autoimmune disease was also seen in bak reconstituted mice. The striking dependency on Bak (but lesser requirement for Bax) for immunological tolerance may be due to differences in the functional interactions of Bak vs. Bax with the prosurvival Bcl-2 family members (18) . Thus, loss of Bak may lead to heightened Mcl-1 prosurvival activity (but not expression), which promotes enhanced survival of lymphoid, including activated B cells (24) and myeloid cells (25, 26) . However, transgenic mice overexpressing Mcl-1 display considerably less lymphadenopathy, hypergammaglobulinemia, and symptoms of autoimmunity than the bak −/− bax −/− reconstituted or even the bak −/− reconstituted mice (26) , Therefore, the loss of Bak and certainly the combined loss of Bak and Bax must impair the intrinsic apoptotic pathway more extensively in hematopoietic cells than Mcl-1 overexpression.
A role for Bak and Bax in the prevention of T-cell malignancies has recently been demonstrated in mice lacking Bak or Bax only in T cells (27) . Similar to Bcl-2 overexpression (28, 29) , combined loss of Bak and Bax is expected to promote lymphomagenesis by keeping cells alive that would normally be programmed to die, thereby increasing their risk of acquiring additional oncogenic mutations. It would be interesting to know whether mice lacking both Bax and Bak only in T cells (27) reconstituted mice may be due to the fact that they succumbed early to autoimmune disease before the leukemic precursors had sufficient time to acquire the oncogenic lesions required for malignant transformation. Mutations in BAK have been associated with some forms of human autoimmune disease (16) . Our observation of autoimmune disease in bak −/− chimeras is consistent with these findings and extends them to show that hematopoietic deficiency in Bak is sufficient to cause autoimmunity. Pertinently, in humans polymorphisms in BAK have been associated with Sjögren syndrome (16) , and several point mutations in BAK have been associated with vasculitis, particularly in aortic aneurysms (30) . In contrast, to date no polymorphisms or mutations in BAX have been associated with autoimmune diseases in humans.
In conclusion, this study highlights the prominent hematopoietic cell intrinsic role of the proapoptotic multi-BH domain Bcl-2 family members Bak and to a lesser extent Bax in the prevention of multiorgan system as well as organ-specific autoimmune disease. Our present and previous findings (31, 32) that defects in the intrinsic apoptotic pathway can cause autoimmune pathology provide support for the idea that these diseases may benefit from treatment with BH3 mimetics, such as ABT-737 (33) or ABT-263 (Navitoclax) (34) , which induce apoptosis by antagonizing prosurvival Bcl-2, Bcl-x L , and Bcl-w. Consistent with this idea, the prosurvival proteins Bcl-2 and Bcl-x L are often elevated in lymphoid and myeloid cells in autoimmune diseases, and ABT-737 was shown to trigger apoptosis in certain B as well as T lymphoid cell populations. This enabled ABT-737 to curtail humoral as well as cellular immune responses (33) and reduce autoimmune pathology in several mouse models of SLE-like and other autoimmune diseases (35) .
Materials and Methods
Mice and Hematopoietic Reconstitution. The bak −/− (10) and bax −/− mice (11) were backcrossed for >10 generations onto a C57BL/6 background, then intercrossed to generate bak −/− bax +/− mice. E13.5 embryos were harvested from intercrosses of bak −/− bax +/− mice and FLC suspensions prepared to reconstitute the hematopoietic compartment of lethally irradiated (2 × 5.5 Gy, 2 h apart) C57BL/6-Ly5.1 mice (2 × 10 6 FLC injected i.v. per recipient). The vav-BCL-2 transgenic mice (generated on an inbred C57BL/6-Ly5.2 background) have been previously described (36) .
Histological Analysis. Histological analysis is detailed in SI Materials and Methods.
Flow Cytometric Analysis, Immunofluorescent Staining, and Confocal Microscopy. Single cell suspensions of spleen, lymph nodes (pooled axillary, brachial, inguinal, mesenteric), and peripheral blood were stained as previously described (37) .
Immune complex deposits and ANA were stained as detailed in SI Materials and Methods. Confocal microscopic detection of organ-specific autoantibodies in sera of sick mice was performed as previously described (37) and in SI Materials and Methods.
